This study examined the ventilatory adjustment to chronic metabolic alkalosis induced under controlled conditions in normal human volunteers. Metabolic alkalosis induced by buffers (sodium bicarbonate, trishydroxymethylamine methane) or ethacrynic acid was associated with alveolar hypoventilation, as evidenced by a rise in arterial Pco 2 , a fall in arterial Po 2 , a reduced resting tidal volume, and a diminished ventilatory response to CO 2 inhalation. Alveolar hypoventilation did not occur when metabolic alkalosis was induced in the same subjects by thiazide diuretics or aldosterone despite comparable elevations of the arterial blood pH and bicarbonate concentration.
A B S T R A C T This study examined the ventilatory adjustment to chronic metabolic alkalosis induced under controlled conditions in normal human volunteers. Metabolic alkalosis induced by buffers (sodium bicarbonate, trishydroxymethylamine methane) or ethacrynic acid was associated with alveolar hypoventilation, as evidenced by a rise in arterial Pco2, a fall in arterial Po2, a reduced resting tidal volume, and a diminished ventilatory response to CO2 inhalation. Alveolar hypoventilation did not occur when metabolic alkalosis was induced in the same subjects by thiazide diuretics or aldosterone despite comparable elevations of the arterial blood pH and bicarbonate concentration.
The different ventilatory responses of the two groups could not be ascribed to differences among individuals comprising each group, pharmacological effects of the alkalinizing agents, differences in the composition of the lumbar spinal fluid, changes in extracellular fluid volume, or sodium and chloride balance.
The differences in ventilatory adjustments were associated with differences in the patterns of hydrogen and potassium ion balance during the induction of alkalosis. Alveolar hypoventilation occurred when hydrogen ions were buffered (sodium bicarbonate, trishydroxymethylamine methane) or 
INTRODUCTION
Chronic metabolic alkalosis is commonly associated with alveolar hypoventilation (1) (2) (3) . However, there are miany unexplained exceptions to this generalization (4) (5) (6) . The absence of respiratory coml)ensation in metabolic alkalosis may be due to: (a) acute hyperventilation at the time of blood sampling because of anxiety; (b) secondary effects on respiration of the agents causing the alkalosis; (c) the effects of alkalosis upon the composition of cerebrospinal fluid (7, 8) , and (d) effects of the alkalinizing agents or physiologic disturbances on the hydrogen ion or electrolyte concentration or buffering capacity of the tissues involved in the control of ventilation (9, 10) .
The present study was designed to determine the patterns of respiratory a(ljustment to chronic metabolic alkalosis in-man. For this purpose, chronic metabolic alkalosis was induced in normal snl)jects un(ler controlled conditions by the administration of buffers, diuretics, and aldosterone.
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The Journal of Clinical Investigation Volume 47 1968 The pattern of ventilation during the metabolic alkalosis produced by these different agents fell into two groups: alveolar hypoventilation occurred when metabolic alkalosis was effected by sodium bicarbonate, trishydroxymethylamine methane (THAM), or ethacrynic acid; alveolar hypoventilation did niot occur after the thiazide diuretics or aldosterone.
After it was estal)lished that neither acute hyperventilation at the time of sampling nor pharmacological effects of the alkalinizing agents on the respiratory apparatus were involved, the third and fourth possible reasons for the disparate pattern of respiratory adjustment were investigated by analysis of lumbar cerebrospinal fluid removed during alkalosis and by examination of the patterns of hydrogen ion and electrolyte excretion in l)alance studies during the induction of alkalosis.
GENERAL PROCEDURES 13 normal male volunteers, ranging in age from 27 to 40 yr, served as subjects. The subjects were housed on a metabolic ward where they were given fixed diets of known protein, carbohydrate, potassium, and sodium content during control and test periods. The composition of the diets varied soniewhat with the agent under study and will be indicated subsequently at appropriate places. D)istilled water was allowed ad lib. Fluid intake and body weight were recorded daily. None of the subjects had nausea, vomiting, or diarrhea during the study.
All urine was collected under mineral oil with toluene a(llded as preservative, and stored at 4°C. The 24. hr excretion of creatinine was used to check the reliability of the 24 hr collection of urine. The urinary excretion rates of sodium, potassium, chloride, and hydrogen ion (titratable acid nlus ammonia minus bicarbonate) were determinle(l daily (see Analytical Methods). Cumulative electrolyte balances were calculated as the sums of the urinary excretion of the ion on each experimental day minus the mean excretion of control days. In 4 of the subjects, the urinary excretion of nitrogen was also measured during the control and experimental periods. Venous blood samples were obtained at preset times for the determination of sodium, chloride, potassium, and bicarbonate concentrations. All subjects were trained for the ventilatory studies by prior "runs" in the laboratory. The ventilatory studies, before and after induction of alkalosis, were performed under "steady-state" conditions as assessed by measurements of respiratory quotient and oxygen consumption. The respiratory quotients ranged from 0.74 to 0.89; a difference in respiratory quotient of less than 0.13 between control and test runs for each individual was required for inclusion in the study. The oxygen consumption ranged from 115 to 156 ml/min per mn of body surface area, and varied less than + 10 nml on successive studies in any one individual. During these ventilatory studies, brachial arterial blood was drawn anaerobically into heparinized syringes from an indwelling needle which had been placed under local procaine anesthesia. The samples were analyzed for pH, oxygen saturation and tension, and carbon dioxide content.
Lumbar puncture was performed in 7 subjects after induction of alkalosis. The spinal fluid was collected anaerobically for determination of pH and carbon dioxide, sodium, potassium, and chloride content. The concentration of bicarbonate and Pco2 in cerebrospinal fluid was calculated from the Henderson-Hasselbalch equation, using a pK' of 6.13 and solubility coefficient of 0.0312. Arterial blood was sampled immediately before and during the lumbar puncture for comparison with cerebrospinal fluid.
Induction of alkalosis
After a control period (3-6 days) for the stabilization of the arterial pH, the serum concentration of bicarbonate, and the excretion of hydrogen ion in the urine, metabolic alkalosis was induced by either buffers (sodium bicarbonate and trishydroxymethylamine methane), diuretics (ethacrynic acid, chlorothiazide, or hydrochlorothiazide), or aldosterone in the following ways:
Sodium bicarbonate was administered on four occasions to 4 subjects; 290-1954 mmoles/day were given by continuous intravenous infusion for periods of 1-5 days. The infusion was discontinued 2 hr before ventilatory studies were carried out. The daily intake of sodium chloride was 90 mmoles/day.
Trishydroxymethylamine -methane (THAM) was given orally as a syrup for 4-7 days in doses of 36 g/day to 2 subjects. The daily intake of sodium chloride was 90 mmoles/day.
Ethacrynic acid was given orally on nine occasions to 6 subjects for periods ranging from 3 to 8 days in a dose of 200 mg/day. These subjects were maintained on a constant low sodium chloride diet (less than 22 mmoles/ day) during the control and experimental periods.
Chlorothia-ide, 2 g/day, or hydrochlorothiazide, 250 mg/day, was administered orally on 11 occasions to 10 subjects for a period of 5-11 days. These subjects were maintained on a low sodium chloride intake (less than 22 mmoles/day) during control and experimental periods.
Aldosterone was infused continuously on four occasions in three subjects for a period of 6-11 days. 1-2.5 mg in 750 ml of 5% dextrose in water was given per 24 hr. These subjects were maintained on a high sodium chloride intake (more than 90 mmoles/day) during control and experimental periods.
ANALYTICAL METHODS
The sodium and potassium concentration in serum and urine was measured by standard flame photometry; chloride in serum and urine was measured by potentiometric titration (11) Serum electrolytes: sodium, chloride, and potassium. None of the agents caused striking changes in the concentration of sodium in the serum; the lowest value (average 134 mmoles/liter) followed the use of thiazide diuretics. Similarly, only the thiazides and ethacrynic acid caused appreciable decrements in the concentration of chloride in the serum (mean values 90-92 mmoles/liter). The concentration of potassium in the serum was unchanged after the administration of THAM, and decreased slightly after sodium bicarbonate and ethacrynic acid. On the other hand, serum potassium concentration was consistently decreased following thiazide diuretics and aldosterone. The lowest values (average of 2.7 mmoles/liter) were effected by aldosterone.
Arterial blood Pco9 and Po.,. These results (Table I) The relationship between arterial pH, Pco2, and serum bicarbonate concentration for individual determinations during alkalosis is illustrated in Fig. 1 . As pH and bicarbonate concentration increased in the "normal Pco2" group (open symbols), the values for Pco2 remained within the control range (shaded area). In contrast, in the "high Pco2" group (solid symbols), the increase in Pco2 was associated with less of a rise in pH for a given increase in serum bicarbonate concentration. The arterial blootl Pco., values from all studies in which serum bicarbonate concentration was similar in the two groups were subjected to statistical analysis. The difference in Pco2 between the two groups at comparable elevations of serum bicarbonate concentration (28-33 mmoles/liter) was statistically significant with a P value of < 0.001.
Further analysis of the Pco, values during alkalosis involved coml)arison of each individual's change from his ownl control in the two groups of studies. Control values were analyzed statistically. The dissimilar Pco2 during alkalosis could not be ascril)ed to differences in the patient population, because analysis of the control values showed no statistically significant differences (P < 0.4) between the mean control Pco2 in the two groups.
(Mean control Pco2 was 40.0 + 2 mm Hg in the high Pco2 group and 39.4 ± 2 mm Hg in the normal Pco2 group.) In additioll, 9 of the 13 individuals were subjects for both group)s of studies.
During alklalosis, there was a mealn change in the Pco, of each illdivi(lual from his own control of + 9 ± 3.2 mm Hg in the high Pco., group. In contrast, in the normal Pco, group), there was essentially no change from control (+ 0.1 ± 1.2 mm Hg) dlurilig alkalosis. The difference between the mean chanlges in the two groups was statistically significant (P < 0.001).
In addition, arterial 1)lood Po, which averaged 86 ± 10 mm Hg in both groups during the control perio(ls decreased dltrillg alkalosis in the high Pco., group lby 17 + 11 mm Hg and remained unchanged from control (0 ± 4.3 mm Hg) during alkalosis in the normal Pco, group. These differences were statistically significant (P < 0.001).
Electrolyte and hydrogen balances Sequential changes in the composition of urine and 10loo0( after the a(lminlistration of each of the agents are illustrated in Table II (Fig. 3 ).
Normal arterial Pco2 group. There were two types of agents in this group, the thiazides and aldosterone.
The thiazides regularly produced an initial increase in urinary pH and in the excretion of bicarbonate; the excretion of titratable acid decreased but, despite the high pH of the urine, the excretion of ammonium increased. Thus, as indicated in Table II and Fig. 2 , the rate of net hydrogen ion excretion decreased to levels below control during the first few days of administration and subsequently returned to control levels. Fig. 2 also shows that the decrease in the excretion of hydrogen ion in the urine occurred despite a small increase in nitrogen excretion during chlorothiazide administration. The mean cumulative balances of sodium, potassium, and chloride during chlorothiazide diuresis were more negative than during the administration of ethacrynic acid (Table III). There was an average weight loss of 1.8 kg. When the renal effects of the thiazides on acid-base balance were prevented by the administration of either a high sodium chloride diet (8 g/ 24 hr) or potassium supplements, comparable doses of chlorothiazide failed to change the arterial pH, Pco2, or the concentration of bicarbonate in the serum.
The effects of infusing aldosterone on urinary electrolyte and hydrogen ion excretion are illustrated both in Table II associated with a mean gain in weight of 1.4 kg, an increase in serum sodium concentration, and a reduction in plasma potassium concentration (Table III). The negative potassium balance, averaging 107 mmoles, calculated from urinary excretion rates, is probably an underestimation of total potassium loss since the excretion of potassium in the stool was not determined and has been shown by others to increase during the administration of aldosterone (17) . When the renal effects of aldosterone on potassium excretion were prevented by a low sodium diet (less than 11 mmoles/day), the administration of aldosterone caused no change in arterial blood pH, Pco2, or serum bicarbonate concentration.
During the induction of alkalosis with agents comprising the normal Pco2 group, sodium and chloride retention and weight gain were induced by aldosterone; opposite effects were induced by chlorothiazide (Table III) . Despite these differences, both agents produced insignificant changes in the urinary excretion of hydrogen ion during the period that alkalosis was developing. Also, both induced hypokalemia and cumulative losses of potassium were linearly related to the degree of alkalosis (Fig. 3) .
Time of onset and duration of alkalosis varied with different individuals and different agents, but, because of considerable overlap between the two groups, they could not be related to observed differences in patterns of electrolyte or hydrogen ion excretion.
Ventilation during induced metabolic alkalosis
Resting ventilation. Control values for alveolar ventilation, tidal volume, and frequency did not differ between the two groups. Mean control alveolar ventilation in the high Pco2 group was 4.1 + 0.9 liters/min, and 4.6 + 1.3 liters/min in the normal Pco2 group. These values were not significantly different (P = 0.3).
In the high Pco2 group, the calculated alveolar ventilation decreased after induction of alkalosis in all but one instance; the average decrease from each individual's own control was -0.8 liters/min ± 0.9 (range + 0.1 to -2.8 liters). This decrease was entirely attributable to a reduction in resting tidal volume, averaging -99 ± 54 ml (range -10 to -210 ml), since there was no change inl respiratory frequency. The decrease in tidal volume was significantly related to the increase inl serum bicarbonate concentration (r = -0.75; P < 0.01) but not to the arterial blood pH (r = -0.23; P > 0.05. These changes in ventilation did not occur with administration of these agents until after alkalosis had developed.
In the normal Pco2 group the alveolar venitilation did not decrease after induction of alkalosis, and there was no change in the pattern of breathing. The average change from each subject's own control was + 0.2 ± 0.5 liter/min for alveolar ventilation and + 15 ± 45 ml for tidal volume.
The changes in alveolar ventilation and tidal volume which occurred in the high Pco2 group were significantly different (P < 0.001 for both) Ventilatory response to breathing COO. The ventilatory response to breathing an inspired gas mixture containing 5% CO, in air is plotted in Fig. 5 for each subject during the control and alkalotic periods. The control response curves represent the average of two to four control measurenilents obtained before and after periods of alkalosis. It may be seen that the response curves of the high Pco2 group during metabolic alkalosis are to the right of those obtained before alkalosis was induced. During alkalosis, the resting minute ventilation was at control, or belowv control values, ion concentration which occurred acutely during CO2 breathing were similar in both groups of subjects during alkalosis (Table IV) and did not differ significantly (P > 0.2, P > 0.1, respectively) from control. Despite this, the increment in minute ventilation (ventilatory response) which resulted from CO2 breathing declined from control values in the high Pco2 group, but did not change from control in the normal Pco2 group. The mean change in ventilatory response (i.e. change from each individual's own control response) which occurred in the 9 individuals of the former group, was -2.8 + 1.8 liters/min per m2 a value significantly different (P < 0.001) from the minimal change observed in Fig. 6 for the two groups of studies at comparable increases in serum bicarbonate concentration. There was a progressive decrease in the ventilatory response to CO2 breathing with increasing serum bicarbonate concentration in the high Pco2 group. This is in contrast to the lack of change in ventilatory response observed when similar increases in serum bicarbonate concentration and greater increase in arterial blood pH were effected by the alkalinizing agents of the normal Pco2 group.
Cerebrospinal fluid acid-base relationships during alkalosis Simultaneous determinations of arterial blood and cerebrospinal fluid (CSF) pH, bicarbonate concentration, and Pco2 were obtained during alkalosis in 4 subjects of the high Pco2 group and in 3 of the normal Pco2 group (Table V) . During alkalosis, the pH of CSF did not differ in the two groups of subjects. CSF bicarbonate concentrations tended to be slightly higher in the high Pco2 group, but the ratio of CSF to blood bicarbonate concentration was similar for all subjects. The Pco2 of CSF was higher in the high Pco2 group, paralleling changes in the arterial Pco2.
Examination of electrolyte concentrations in the CSF during alkalosis revealed no differences between the two groups, despite the observed variation in serum concentrations; CSF sodium ranged from 137 to 147 mmoles/liter, CSF chloride ranged from 110 to 127 mmoles/liter and CSF potassium ranged from 2.6 to 3.8 mmoles/liter.
DISCUSSION
The present study examined the ventilatory adjustment to chronic metabolic alkalosis induced under controlled conditions in normal human subjects. The results indicate that chronic metabolic alkalosis produced by one group of agents (sodium bicarbonate, THAM, and ethacrynic acid) was associated with alveolar hypoventilation, as evidenced by an abnormally high Pco2 and abnormally low Po2 in the arterial blood, a reduced tidal volume and alveolar ventilation at rest while breathing ambient air, and a diminished ventilatory response to inspired CO2. On the other hand, chronic metabolic alkalosis produced by a second group of agents (thiazides and aldosterone) was not associated with alveolar hypoventilation. Statistical analysis of these data in terms of each individual's change from his own control indicated that these differences between the two groups during alkalosis were significant.
These differences in ventilatory response to alkalosis could not be ascribed to variations among the subjects comprising the two groups, because in the control observations there were no inherent differences between the groups with reference to the initial arterial Pco2, Po2, pattern of breathing, or response to CO2 inhalation. In addition, 9 of the 13 individuals served as subjects for both groups. Thus, subjects who were uniform in their pattern of breathing during control periods exhibited different patterns of response during experimental alkalosis depending on the method of induction of the alkalosis. Since alveolar hypoventilation occurred in the first group and not in the second, despite similar elevations of pH and bicarbonate concentration of arterial blood, these observations indicate that respiratory compensation in metabolic alkalosis is not determined by the pH, the Pco2, or the bicarbonate concentration of arterial blood.
Acute hyperventilation due to anxiety can be excluded as a basis for the different ventilatory responses in the two groups, since the respiratory quotient of each subject was within normal limits during both control and test periods. Also, pharmacological effects of the alkalinizing agents upon the respiratory center, either direct or through carbonic (19) .
Finally, the different ventilatory responses of the two groups could not be attributed to changes in extracellular fluid volume or to differences in sodium or chloride balance, since each of the two groups included at least one agent which induced metabolic alkalosis and expanded the extracellular fluid volume as well as at least one other which reduced the extracellular fluid volume; also, at least one agent in each group caused sodium and chloride retention whereas another caused sodium and chloride diuresis. However, consistent differences were observed between the two groups with respect to hydrogen and potassium balance. These differences are discussed below. Alveolar hypoventilation after buffers or ethacrynic acid. During induction of alkalosis in the high Pco2 group, slight to moderate potassium losses were accompanied by hydrogen ion depletion. This "depletion" was accomplished in two different ways: (a) by inactivation of free hydrogen ions within body fluids by the administration of buffer anions (20, 21) ; this was reflected in the balance studies by reduced hydrogen ion excretion in the urine; or (b) by ethacrynic acid which promoted the excretion of hydrogen ion in the urine under conditions of unchanged endogenous formation of metabolic hydrogen (22) ; the assumption that the formation of metabolic hydrogen was unchanged in the present study is based upon unchanged excretion of urinary nitrogen.
Two independent types of observations indicate that the sensitivity of the respiratory center was abnormally low in the high Pco2 (hydrogen ion depletion) group: (a) the resting minute ventilation was the same or less than control even though the level of arterial Pco2 was higher; and (b) the increment in minute ventilation while breathing 5%o CO2 was less during metabolic alkalosis than during the control periods, even though the acute changes in arterial pH and Pco2 produced by CO, inhalation tvere virtually the samie duhring the conltrol periods and Luring the l)erio(ls of metabolic alkalosis.
Ill this gra)ip the decrease in restingl tidal volume and in the ventilatory response to carbon dioxide inhalation wase directly related to the increase in serum bicarbonate concentration. and (by inference) extracellular buffering capacity rather than to the increased pH of arterial blood. Since the method of hydrogen ion depletion used in the present group of chronic acid-base disturbances presumably effects corresponding increases in the buffering capacities of all body fluid compartments (23, 24) , the decrease in responsiveness of the respiratory center was probal)ly associated with an. increase in intracellular, as wvell as extracellular, buffering capacity (25, 26) .
Metabolic alkalosis without alvcolar hypoventilation. Alveolar hypoventilation did not occur when chronic metabolic alkalosis \was in(luced by the administration of thiazides or of aldosterone (normal Pco, group). The lreservation of the sensitivity of the respiratory center in this group, despite levels of extracellular alkalosis which were comparable to those of the high Pco, group, could not be attributed to differences in arterial pH or in extracellular buffering capacity, nor could it be attributed to differences in the acid-base or electrolyte coml)osition of cerebrospinal fluid. On the other hand, the normal sensitivity of the respiratory center did seem to be related to the difference between these two groups in the hydrogen and potassium ion balances. First, the normal Pco. With regard to the second possibility, it is known that alterations in cell potassium concentration or transmembrane concentration gradients affect the threshold for excitation of nerve tissues (30) . Whether potassium depletion indeed modifies the threshold for excitation in neurons comprising the respiratory center cannot be evaluated from the present study.
Finally, it is of interest to consider the effects of combined depletion of hydrogen ions and potassium ions. During the induction of alkalosis by ethacrynic acid, considerable amounts of potassium as well as of hydrogen were lost in the urine. Since these subjects developed alveolar hypoventilation, the hydrogen ion depletion seemed to exert the lredominant effect on the respiratory adjustment.
Nevertheless, the degree of hypoventilation, reflected by the increment in arterial Pco, for a given increment in serum bicarbonate, was less in patients with comnbined hydrogen and potassium loss (ethacrynic acid) than in those subjects who were hydrogen-depleted without significant potassium losses (buffers) (Fig. 1) . Stuch interrelationships between the tendency of hydrogen ion depletion to induce hypoventilatioii and of potassium loss to prevent it may explain some of the variations in respiratory compl)ensation in more prolonged clinical states of mnetabolic alkalosis, or in experimental situations where mechanisms for producing depletion of both ions coexist (6, 31) .
